INTRODUCTION

A transient rise in the cytosolic concentration of Ca
2+ is an early step in the process by which many stimuli are transduced into a physiological or developmental response. In plants such stimuli include light, hormones, temperature, microbes, and touch (Sanders et al., 2002; Hetherington and Brownlee, 2004; Hepler, 2005) . Calcium transients may result from Ca 2+ influx across the plasma membrane and/or Ca 2+ release to the cytoplasm from internal stores. Recently, the TPC1 channel of Arabidopsis was shown to conduct Ca 2+ from the vacuole to the cytoplasm (Peiter et al., 2005) . However, almost nothing is known at the molecular level about Ca 2+ entry across the plasma membrane, a fundamental issue in plant cell physiology. Cyclic-nucleotide-gated channels are candidates for Ca 2+ -influx channels at the plasma membrane (Véry and Sentenac, 2002; White et al., 2002; Lemtiri-Chlieh and Berkowitz, 2004) but no evidence to date demonstrates a role for them in the generation of a cytosolic Ca 2+ signal. Glutamate receptors are also candidates for an influx pathway (Lacombe et al., 2001; Véry and Sentenac, 2002; White et al., 2002) . The Arabidopsis genome contains a family of 20
GLR genes homologous with the ionotropic (ion-conducting) glutamate receptors that mediate synaptic transmission and generate Ca 2+ signals in the mammalian central nervous system (Chiu et al., 1999; Lacombe et al., 2001; Davenport, 2002) . At synapses, glutamate released by the presynaptic cell opens glutamate-receptor channels in the postsynaptic cell, causing influx of Ca 2+ , K + , and Na + (Dingledine et al., 1999; Madden, 2002) . The resulting membrane depolarization propagates the impulse and the rise in Ca 2+ influences many postsynaptic processes including the synaptic conditioning that underpins learning (Ghosh and Greenberg, 1995) .
In Arabidopsis, glutamate and glycine trigger very large and fast changes in cytosolic Ca 2+ (Dennison and Spalding, 2000; Dubos et al., 2003; Meyerhoff et al., with the action of ionotropic glutamate receptors at the plant plasma membrane.
However, no evidence more direct than the effects of animal iGluR inhibitors links the Arabidopsis GLR genes to the transport of Ca 2+ or any electrophysiological response (Dennison and Spalding, 2000; Dubos et al., 2003; Meyerhoff et al., 2005) . Needed is a genetic test of the connection between the GLR genes and the ionic responses that quickly follow treatment with amino acids.
The GLRs may not be the molecules responsible for the Ca 2+ rises or electrical responses triggered by amino acids. When depolarizations in response to amino acids in plants were first described by Etherton and colleagues, the results were interpreted in terms of multiple amino acid transporters and consequent active proton extrusion (Etherton and Rubinstein, 1978; Kinraide and Etherton, 1980; Kinraide and Etherton, 1982 Fig. 2A) , the response was completely absent in two independent glr3.3 knockout plants (Fig. 2B,C) .
Increasing glutamate to 100 µM increased the peak magnitude of the wild-type voltage change to 65 ± 4 mV (n = 9), but the average responses of glr3.3-1 and glr3.3-2 roots were only 20 ± 4 mV and 22 ± 5 mV, respectively (n = 9 for each). The residual depolarization in the glr3.3 mutants increased substantially when the glutamate treatment was increased to 1000 µM ( Figure 2B,C) . The GLR3.3-independent component of the depolarization may be the result of H + -coupled amino acid symport (Fischer et al., 1998) because changing external pH from 5.7 to 7.7 almost completely abolished it (Fig. 2D) , as was observed for the non-desensitizing component of the wildtype response (Fig. 1A) . The onset of the putative amino acid symport activity at a glutamate concentration between 10 and 100 µ M agrees well with previous studies of electrogenic glutamate uptake by an Arabidopsis amino-acid transporter (Boorer et al., 1996) . responses to glutamate should depend on extracellular Ca 2+ concentration. Figure 3A shows that increasing external Ca 2+ from 1 to 10 mM increased the peak membrane depolarization induced by 25 µM glutamate (from 41 ± 6 mV; n = 4 to 86 ± 6 mV; n = 5).
The Ca 2+ rise triggered by 25 µM glutamate was also enhanced by increasing external Ca 2+ concentration (Fig. 3B ). Both Ca 2+ -dependent responses were abolished by the glr3.3-1 mutation (Fig. 3A,B 
Broad agonist profile of GLR3.3
Although glutamate is often the most abundant amino acid found in soils, several others are frequently present in appreciable quantities (Abuarghub and Read, 1988; Kielland, 1994; Jones et al., 2005) . To determine if others may trigger GLR3.3-dependent activity in roots, the effectiveness of all twenty L-amino acids as well as D-glutamate, D-serine, D-alanine, NMDA, and γ-aminobutyric acid (GABA) was determined. Of the tested compounds, alanine, asparagine, cysteine and serine triggered large, transient membrane depolarizations that were GLR3.3-dependent and in all respects similar to glutamate or glycine responses (Table 1 ; Fig. S1A ). Each of these effective amino acids also triggered a rise in Ca 2+ as assayed by aequorin luminescence (Fig. S1A , Table S1 ).
This result is surprising because alanine, asparagine, and cysteine are not known to be agonists of animal glutamate receptors and are structurally dissimilar. Of these, cysteine, was selected for further study. The large rise in cytosolic Ca 2+ triggered by mutants, but normal in a line heterozygous for the glr3.3 mutation (data not shown).
Thus, six amino acids (glu, gly, ser, ala, asn, and cys) may be considered agonists of a GLR3.3-dependent Ca 2+ influx mechanism. The ineffective compounds (the remainder of the amino acids, the D-isomers, NMDA, and GABA) produced smaller, persistent depolarizations similar to the responses of glr3.3 mutants to glutamate or glycine. Some of these responses are shown in Figure S1B and Table S1 . The small, persistent depolarizations induced by glutamine and aspartate were further investigated and found to be both pH-sensitive and independent of GLR3.3 (data not shown). The small responses evoked by the ineffective amino acids may reflect proton-coupled uptake of the compounds.
Given that six different amino acids were each found to induce Ca 2+ transients and large membrane depolarizations, it was hypothesized that short peptides composed of one or more of these agonists would have similar effects. Glutathione, an abundant tripeptide in plants, is composed of three of the six effective amino acids: glutamate, cysteine and serine. Glutathione plays a number of important roles in plant metabolism and responses to stress, partly because of its ability to be reversibly oxidized and reduced (Noctor et al., 2002; Ogawa, 2005) . The reduced form of glutathione (GSH) depolarized root cells by approximately 100 mV in a GLR3.3-dependent manner (Table   1 ; Fig. 4A ). GSH also caused a substantial Ca 2+ transient (Fig. 4C) . The oxidized form of glutathione (GSSG) was much less effective than GSH, though its action was also dependent on GLR3.3 (Table 1 ; Fig. 4B,C) .
DISCUSSION
In soils, glutamate originates from decomposing organic matter and exudates produced by living roots (Lynch and Whipps, 1990; Nguyen, 2003; Jones et al., 2004) . Its concentration is typically in the low micromolar range (Abuarghub and Read, 1988; Kielland, 1994; Jones et al., 2005) . A study of tomato root exudation estimated rhizosphere glutamate concentration to be 9 µ M (Simons et al., 1997). The other five effective amino acids are also among the most prevalent in root exudates and in soils.
For example, glutamate, alanine, and glycine were among the four most abundant amino acids detected in maize root exudates (Kraffczyk et al., 1984) . The breadth of the agonist profile found here is difficult to reconcile with the conclusion that glutamate binds only to GLR1.1, and that glycine is probably the and associated change in microtubules would result in the observed reduction in root growth rate (Sivaguru et al., 2003) .
Establishing that GLR3.3 mediates ion fluxes including a large Ca 2+ influx across the Arabidopsis plasma membrane prompts some intriguing questions. Has a chemosensing mechanism with prokaryotic origins (Kuner et al., 2003) been molded by evolution to serve the chemosensing needs of roots and the communication needs of a Seedlings were lifted from the growth plates, mounted horizontally on a thin layer of growth media gelled with 0.6% agar at the bottom of a 3.5-cm diameter recording chamber, then covered with a thin layer of agar-free growth medium and allowed to recover for 3 h. Measurements of membrane potential were made as previously described (Dennison and Spalding, 2000) except that data acquisition in this study was achieved with a PCI-MIO-16XE-10 analog to digital converter (National Instruments, Austin, TX) controlled by custom software written in the Labview computer language (National Instruments). The sample rate was 20 Hz. Perfusion of the recording chamber 
Measurement of intracellular Ca 2+ with Aequorin
Seeds of Arabidopsis aequorin-expressing plants described previously (Lewis et al., 1997) were sown and grown on plates as described above. To reconstitute the aequorin with its substrate, four-day-old seedlings were transferred to a darkroom and under green safelight placed in growth media (minus agar) except for containing 10 µM coelenterazine hcp (Molecular Probes, Eugene, OR) and allowed to soak overnight. For each trial, five seedlings were loaded into a luminometer cuvette containing 200 µL of the growth medium (minus agar). The seedlings were allowed to recover from the handling in darkness at 25°C for 2 to 4 h. Programmable, rapid delivery of agonist solutions into the cuvette was performed by the onboard injectors of the luminometer used to record the aequorin signal (TD-20/20, Turner Designs, Sunnyvale, CA). A computer collected data from the luminometer at a rate of 5 Hz. While resting in the dark, the level of aequorin luminescence emitted from five seedlings varied but was generally less than 100 relative light units (RLU). The variability was probably due to different degrees of coelenterazine incorporation and different amounts of tissue in the cuvettes. Treatment with 1000 µ M glutamate caused a rapid luminescence increase, typically into the thousands of RLU. A statistical analysis showed that there was a strong, direct correlation between the level of pretreatment aequorin luminescence and the peak response to agonist. Those tubes with higher aequorin levels gave larger responses and the correlation was near perfect (R 2 = 0.98 for glutamate, 0.99 for glycine). Therefore, for each individual trace, the data were divided by the average background (pretreatment) luminescence, producing a fold-increase in aequorin luminescence trace. Recordings normalized in this fashion are shown as traces (e.g. Fig. S1 ), averaged traces (e.g. Fig. 1B and 4C ), or were integrated over time and then averaged (e.g. Fig 1B inset) .
To test the effect of glutamate pretreatments on a subsequent response to high levels of glutamate, seedlings expressing aequorin reconstituted with coelenterazine were pretreated with the indicated glutamate concentration for 3 h and then their responses to 1000 µ M glutamate were recorded as described above. Four independent trials were performed for each glutamate pretreatment concentration. To test the effects of increasing extracellular Ca 2+ on the response to low glutamate levels ( Fig. 3C ), the seedlings were pretreated for 3-4 h with either 1 mM Ca 2+ (n=9) or 10 mM Ca 2+ (n=8) before being treated with the same Ca 2+ concentration plus 25 µ M glutamate. Agonist solution was introduced into and removed from the chamber at a rate of approximately 2 mL min -1 using a syringe pump (SP120p, World Precision Instruments, Sarasota FL). Mean ECFP and EYFP signals were determined for the ROI for each scan and used to produce the calcium-dependent EYFP:ECFP ratio.
Measurement of intracellular Ca
Mutant Genotyping
Seeds of plant lines containing a T-DNA insertion in the gene of interest were obtained from the Salk Institute (http://signal.salk.edu/cgi-bin/tdnaexpress). The lines used here were Salk_040458 (glr3.3-1, second exon insertion) and Salk_066009 (glr3.3-2, first intron insertion). To isolate homozygous mutant individuals, DNA was isolated from leaf samples and evaluated for the presence or absence of allele-specific PCR products.
Whole leaves were placed into a 96 well plate containing chloroform and extraction buffer (400 mM Tris, pH 8.0; 480 mM NaCl; 50 mM EDTA, pH 8.0; 1% SDS) and ground Table S1 . Table S1 . Mean peak changes in membrane potential and integrated aequorin signals in response to each of the common amino acids.
The concentration of each compound was 1000 µ M. Values shown are means ± SEM.
